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Polyamines (PAs) are mainly composed of three members, specifically, putrescine (Put), spermidine 
(Spd) and spermine (Spm) in plants. These compounds play important roles in cell proliferation, 
growth and environmental stress responses of all living organisms. Recently, Yamakawa et al. showed 
that Tobacco mosaic virus (TMV)-infected necrotic lesion-forming tobacco leaves contained higher 
levels of free Spm in intercellular spaces than mock-infected leaves. The group additionally 
demonstrated that Spm induced pathogenesis-related proteins and conferred TMV resistance to host 
plants. These findings strongly suggest that Spm may act as a signalling molecule to transduce 
defence responses in tobacco plants. 
Protein phosphorylation and dephosphorylation play central roles in signalling during plant defence 
systems. In chapter I, I examine whether PAs modulate protein phosphorylation activity. Among PAs 
Spm specifically activated mitogen-activated protein kinases (MAPKs) of tobacco leaves (Figure 
1a,b), which were identified as salicylic acid-induced protein kinase (SIPK) and wound-induced 
protein kinase (WIPK) using specific antibodies (Figure 1c). Upon Spm treatment, up-regulation of 
WIPK mRNA, but not SIPK, was observed. Spm-induced MAPKs activation and WIPK up-regulation 




Figure 1. Activation of a 46 kDa kinase in Spm-treated 
tobacco leaves and immuno-complex kinase assays using 
SIPK- or WIPK- specific antibody.  
(a) Tobacco leaf discs were treated with 0.5 mM Spm or an 
equal volume of water as a control. Samples were taken at 
the times indicated and kinase activity was determined 
with an in-gel assay, using MBP as a substrate. (b) 
Tobacco leaf discs were treated for 6 h with Put, Spd or 
Spm (0.5 mM) and samples were analyzed as in (a). (c) 
Immunoprecipitates with anti-SIPK or anti-WIPK antibody 
from control and Spm-treated leaf discs were subjected to 
in-gel kinase assays. 
 
Spm specifically induced the expression of the alternative oxidase (AOX) gene, which was also 
disrupted by these antioxidants and calcium channel blockers. Bongkrekic acid, an inhibitor of the 
opening of mitochondrial permeability transition (PT) pores, suppressed MAPKs activation (Figure 
2c) and the accumulation of WIPK and AOX mRNAs. The above data collectively suggest that Spm 
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causes mitochondrial dysfunction via a signalling pathway in which reactive oxygen species (ROS) 
and Ca2+ influx are involved. As a result, the phosphorylation activities of the two MAPK enzymes, 





Figure 2. Effects of antioxidants, calcium channel 
blockers or mitochondrial PT pore opening blocker on 
Spm-induced SIPK- and WIPK-activation.  
(a) Effect of antioxidants on MBP kinase activity. (b) 
Effect of calcium channel blockers on MBP kinase activity. 
(c) Effect of mitochondrial PT pore opening blocker on 
MBP kinase activity.  
 
 
In chapter II, to identify the possible downstream components of the Spm signalling pathway, I 
isolated Spm-responsive genes by a differential hybridization approach. And I found that the 
harpin-induced 1 (HIN1) gene is responsive to Spm (Figure 4). Genomic Southern analysis showed 
that HIN1 constitutes a multi-gene family and this led to the isolation of two novel HIN1-like tobacco 
cDNAs that were designated as HIN9 and HIN18. Both genes are also responsive to Spm, albeit HIN18 
is induced weakly compared to HIN1 and HIN9 (Figure 3a). As HIN1 is up-regulated both during the 
hypersensitive response (HR) generated by an incompatible plant-pathogen interaction and during 
senescence, I compared the expression of the three HIN1 family genes in these situations. All three 
were responsive to HR due to TMV infection (Figure 3b), although HIN18 was less efficiently induced, 
and HIN1 and HIN18 were both strongly up-regulated during leaf- and flower- senescence (Figure 
3c,d). This suggests that the signalling pathways in the HR and senescence overlap somehow but are 
distinct. That HIN1 and its closely related genes are Spm-responsive genes also supports the idea that 






Figure 3. RT-PCR analysis of the induction of the HIN1, 
HIN9  and HIN18  genes by Spm, during TMV-induced HR, 
senescing leaves and senescing flower organ.  
(a) cDNAs derived from leaf discs that had been treated 
for 12 h with water or Spm (0.5 mM) were subjected to 
PCR. (b) cDNAs prepared from water- (Mock) and 
TMV-inoculated tobacco leaves were subjected to PCR. (c) 
cDNAs prepared from green and yellow tobacco leaves 
were subjected to PCR. (d) cDNAs prepared from the 
pistils (Pi) and petals (Pe) were subjected to PCR. 
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In Chapter III, I investigated whether the other HR marker genes were responsive to Spm, and 
demonstrated that HSR203J, HMGR, HSR201 and HSR515 genes were responsive to Spm (Figure 4). 
Induction of these HR marker genes including HIN1 by Spm were quenched by pretreatment with 
antioxidants, calcium channel blockers and inhibitor of opening of mitochondrial PT pores as same as 




Figure 4. Northern analysis of various HR marker genes 
expression after the addition of Spm to tobacco leaf discs. 
Total RNAs were extracted at the indicated times from 
control and Spm (0.5 mM)-treated tobacco leaf discs. 




In the above, I demonstrated that the ROS evoked by Spm action was pre-requisite not only for the 
up-regulation of the HR marker genes but also for the activation of SIPK and WIPK. Next the question 
what might be the source of the ROS was asked. One candidate is H2O2 derived from the Spm 
degradation which is catalyzed by either amine oxidase (AO) or polyamine oxidase (PAO). To 
examine this issue, I have tested whether the activation of the two MAPKs and the expression of five 
HR marker- and AOX- genes by Spm are diminished by the specific inhibitors of AO and PAO. The 
data indicated that H2O2 generated by Spm degradation is one of the ROS sources.  
Moreover, using a constitutively active upstream kinase, NtMEK2DD, of SIPK and WIPK, I 
investigated whether the activation of five HR marker genes was a downstream event of the activation 
of the two MAPKs. In tobacco leaves producing a constitutive active NtMEK2DD protein, HIN1, 
HSR203J and HMGR genes were up-regulated but the two others, HSR201 and HSR515, were 
unchanged compared to those in NtMEK2 protein-producing tobacco leaves (Figure 5). These results 
suggested that the expression of Spm-induced HR marker genes is different in involvement of 




Figure 5. Effect of the overexpression of NtMEK2DD on 
the transcription of various HR marker genes.  
Tobacco leaves were infiltrated with A. tumefaciens  
harboring NtMEK2DD or NtMEK2 (control) under the 





My current study leads to the following 
model: Spm accumulated in intercellular spaces 
during HR triggered by pathogen attack is 
degraded, which results in the production of 
H2O2. The event may induce mitochondrial 
malfunction with an unknown mechanism, then 
activate a subset of HR marker genes that differ 
in involvement of SIPK/WIPK activation. The 
up-regulation of the down-stream HR genes may 
contribute to a secondary defence against 
pathogens and lead to the programmed cell 
death during HR (Figure 6). 
 
 
Figure 6. Model of the possible mechanism of Spm signal 












acid-induced protein kinase)そして WIPK (Wound-induced protein kinase)であると同定
した。また Spm による SIPK や WIPK の活性化にサリチル酸は関与しないが、一方活性
酸素種の発生と細胞内への Ca イオンの流入が必要であること、このシグナル経路におい
てミトコンドリアが重要な役割を担っていることを示した。次に、彼はシグナル経路の下
流に位置する Spm 応答遺伝子として病原菌に対する過敏感反応時に誘導される HIN1 
(Harpin-induced protein 1)遺伝子を単離した。この結果を受けて、病原菌に対する抵抗性
反応時に単離されたタバコ遺伝子群の Spm 応答性を調べ、これらの一群が Spm 特異的に
応答することを示した。かつこれらの Spm 応答遺伝子の発現誘導は、サリチル酸に非依
存的であるが活性酸素種の発生と細胞内への Ca イオンの流入を要求することを示し、
SIPK や WIPK が活性化されるシグナル経路と共通である事を示した。上記の結果を基に
「タバコ植物における Spm シグナル伝達経路」のモデルを提出した。  
 彼の研究は、外部の研究者からも評価され平成 15 年度日本生化学会年会におけるシン
ポジストとして招聘され講演している。本研究の一部は Plant J.に公表済みであり、２報
目は Plant Mol. Biol.に改訂稿を送ったところである。このような事実は、彼が自立して
研究活動を行うに必要な高度の研究能力と学識を有することを示している。したがって，
高橋芳弘君  提出の論文は，博士（生命科学）の博士論文として合格と認める。  
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